The mechanical properties of Inconel 718 superalloy are determined primarily by its microstructure and grain size. The grain structure of Inconel 718 is traditionally refined by aging treatment, and a high volume fraction of acicular ¤ phase precipitates before the structure forms. During the following static or dynamic recrystallization process, the existing ¤ phase inhibits recrystallized grain growth and acquires a fine grain structure. In the proposed approach, the Inconel 718 specimens are re-solution heat treated at a temperature higher than the ¤ solvus temperature to ensure thorough dissolution of the precipitated ¤ phase into the austenite matrix and produce a niobium oversaturated matrix. The specimens are then cold compressed to produce a dislocation saturated matrix and are finally recrystallized at 950°C to induce the precipitation of fine ¤ phase. The ¤ phase precipitates exert a strong grain-boundary pinning effect, and thus a fine grain structure is obtained despite the high recrystallization temperature. The average grain size in the refined microstructure is found to be 23 µm, which is around half that of the grain size in the specimens prepared using the conventional process. Hardness testing and tensile testing at 25 and 650°C revealed its superior mechanical properties.
Introduction
Superalloy 718 possesses an advantageous combination of favorable mechanical properties and good corrosion resistance at high temperatures. Thus, it is extensively used throughout the aerospace, petrochemical, and oil and gas industries. The properties of Inconel 718 are determined primarily by its microstructure, particularly the grain size. Studies have shown that the fine grain size of Superalloy 718 results in both a significant increase in strength and an enhanced low cycle fatigue capability. 1, 2) Furthermore, given the presence of fine and stable equi-axed grains with a size of less than 10 µm, Inconel 718 demonstrates a superplastic property at elevated temperatures and intermediate strains. 24) Superalloy 718 comprises an austentic matrix. Thus, the microstructure of forged Inconel 718 components cannot be refined using the same heat treatment processes as those used to refine the grain size in conventional metal forgings. 5) Camus et al. 6) showed that un-recrystallized grains in the microstructure of Inconel 718 hot-worked components may not fully recrystallize when subjected to further thermal deformation. Therefore, dynamic recrystallization has attracted significant attention as a means of producing a fine and evenly-distributed grain structure in Superalloy 718 specimens following hot forming processes.
712)
The grain refinement of Inconel 718 is commonly achieved using the ¤ phase grain boundary pinning effect to inhibit the grain growth.
1315) The initial ingot is reduced to an intermediate billet diameter, and the billet is then aged at a temperature of around 890920°C in order to precipitate a high volume fraction of acicular ¤ phase. Hot working, cold forging, or cold rolling is then performed. In cold forming, during the following static recrystallization treatment, the existing ¤ phase exerts a strong grain-boundary pinning effect and prohibits the growth of recrystallized grains, and a fine grain structure is obtained. In hot working, thermomechanical processing is then conducted at a temperature slightly lower than the delta solvus, 1) causing the ¤ morphology to become spherical and to inhibit recrystallized grain growth via a grain-boundary pinning effect. These grain refinement methods are known as the Delta Process.
The proposed method also uses ¤ phase precipitation to refine grain size. However, the main difference is that the aging treatment is used in place of solution heat treatment at a temperature higher than the ¤ solvus temperature to ensure thorough dissolution of the precipitated ¤ phase into the austenite matrix and produce a niobium oversaturated matrix before cold forming. Therefore, the following static recrystallization process prompts a large number of spherical fine ¤ phases to precipitate and inhibit recrystallized grain growth via a grain-boundary pinning effect. Thus, grains that are more uniform and fine are obtained.
The conventional process of hot forming has been successfully used to produce Inconel 718 alloy samples with a grain size of as little as ASTM 10 (11.2 µm) without the need for solution annealing.
11) However, maintaining the ¤ phase during the forging process while minimizing its content in the final component is a major challenge. 16) To prevent the dissolution of the ¤ phase, and to ensure the occurrence of dynamic recrystallization, the deformation process must be performed under enough strain and low strain rate conditions at a temperature between the dissolution temperature of the ¤ phase and the dynamic recrystallization temperature of Inconel 718.
12) The initial grain size of Inconel 718 components is largely dependent upon the finish forging temperature. Although a lower deformation temperature is beneficial in reducing the grain size, it also prompts a reduction in the volume fraction of the recrystallized +1 grains. 17) Therefore, in many 718 forgings, dynamic recrystallization may be incomplete. Lu 14, 15) produced an Inconel 718 sheet with a fine grain size of ASTM 12 (5.6 µm) via integration of a great volume of existing ¤ phase, cold rolling, and recrystallization. However, a large volume fraction of ¤ phase precipitates was precipitated, leading to a reduction in the tensile strength as a result of the consumption of the strengthening element niobium (Nb). Moreover, in Refs. 14,15), the specimen condition before the fine grain treatment, the grain refinement mechanism, and the tensile strength of the finished product were not discussed.
Accordingly, the present study proposes an alternative method for refining the grain structure of Inconel 718: solution heat treating the initial specimens (i.e., hot rolling and then solution heat treatment at 968°C) at high temperature to ensure a thorough dissolution of the precipitated ¤ phase and then performing a cold forming process to produce a dislocation saturated matrix with high strain energy. Finally, a recrystallization process is performed to prompt the precipitation of fine ¤ phase, thereby restricting grain growth by means of the grain-boundary pinning effect. The mechanism by which the grain structure is refined is examined. In addition, the effect of ¤ phase precipitation on the tensile strength of the finished component is evaluated by performing tensile tests at temperatures of 25 and 650°C.
Experimental Section
The composition of the Superalloy 718 used in the present experiments is shown in Table 1 . In the experimental procedure, Inconel 718 ingots with a diameter of 400 mm were fabricated using a Vacuum Induction Melting (VIM) process followed by Vacuum Arc Remelting (VAR). An open-die pre-forging process was performed to reduce the diameter of the ingots to 350 mm. A final forging process was then performed using a four-hammer precision forging machine to reduce the circular ingots to square billets with dimensions of 133 mm © 133 mm. Each billet was hot rolled to a diameter of 22 mm, solution heat treated at 968°C for 1 h, and then peeled to a diameter of 19.84 mm.
The materials were then compressed at room temperature using a 50 T universal tensile testing machine. The recrystallized structure of the compressed sample was evaluated by performing metallographic tests. Finally, standard metallographic techniques were used to prepare specimens for observation via an optical microscope (OM), an image analyzer, a Transmission Electron Microscope (JEOL JEM-2100F CS STEM), and a Scanning Electron Microscope (SEM). Mechanical properties were determined by microhardness and a 10 T universal tensile testing machine equipped with a high-temperature furnace.
Results and Discussion

Observations of annealed microstructure
In the proposed grain refine method, before cold forming, the specimen was re-solution treated at a temperature higher than ¤ solvus, and the grain structure transformed to coarse grains. Normally, coarse grains will decrease the performance of grain refinement. To investigate the effects of coarse grains and the timing of ¤ phase precipitation on the grain refinement results, the initial annealed samples were further solution heat treated at temperatures of 1030 and 1060°C, respectively, for 1 h and then quenched in water. Figure 1 (a) presents an SEM micrograph of the microstructure of the initial Inconel 718 sample solution heat treated at 968°C for 1 h. As shown, the sample has a typical austenitic microstructure, with twin boundaries located within the individual grains. The grain size was found to be around 18 µm. In addition, the micrograph shows the presence of rod-like ¤ phase precipitates at the grain boundaries. Figures 1(b) and 1(c), illustrating the microstructures of the samples solution heat treated at 1030 and 1060°C, respectively, show that grain growth occurred in both specimens. The grain size of the sample solution heat treated at 1030°C was around 60 µm, while that of the sample heat treated at 1060°C was around 68 µm. In addition, in both samples, the ¤ phase precipitates observed at the grain boundaries in the initial annealed sample were fully dissolved within the matrix.
3.2 Characteristics of ¤ phase precipitation 3.2.1 Analysis of ¤ phase precipitation using Gleeble thermomechanical simulator Dilatometric measurement has been widely used in the study of phase transformation.
1820) The characteristics of the ¤ phase precipitated during the thermal process were investigated via dilatometry combined with a Gleeble 3500. Specimens with free compressed reduction were heat treated at a temperature of 1030°C for 1 h and were then immediately cooled in water. A cylindrical sample with a length of 15 mm and a diameter of 10 mm was machined from the heat treated bar. The specimen was mounted in a Gleeble 3500 thermomechanical simulator.
The specimens were heated to a temperature of 950°C at a rate of 1°C·s ¹1 , held at this temperature for 15 min, and then cooled to 400°C at a rate of 0.5°C·s ¹1 . The change in diameter of the specimens over the duration of the constant temperature stage of the heating/cooling cycle was measured using a dilatometer.
The corresponding results are presented in Fig. 2 . The negative slope of the blue line indicates that the diameter of the specimen shrank during the thermal aging process. This suggests that some phase with a density higher than that of the austenite matrix was immediately precipitated as soon as the sample temperature reached 950°C. Figure 3 presents the general physical properties of the precipitate density curve simulated by JMatPro for Inconel 718. The results suggest that the precipitates are most likely ¤ or £BB phase. Since the density of the precipitates is higher than that of the austenite matrix, volume shrinkage could have resulted. Therefore, the specimen was further investigated by TEM to confirm the structure of the precipitates.
The TEM micrograph of the tested dilatometric specimen in Fig. 4(a) illustrates that the matrix microstructure contained some dislocations, which were arranged in planar arrays. The matrix diffraction pattern presented in Fig. 4(b) shows the single £ phase diffraction pattern and indicates that no other phase, such as £BB phase, precipitated in the matrix. The TEM image presented in Fig. 5(a) shows that the sample contained needle-like precipitates at the austenite grain boundaries. The selected area diffraction (SAD) patterns presented in Figs. 5(b) 5(d) show that the precipitates were ¤ phase. This result seems inconsistent with the TTT and PTT curves presented in Refs. 21) and 22), respectively, which suggest that ¤ phase precipitation occurs only after 10 min at a temperature of 950°C. The apparent difference between the two sets of results can be attributed to the greater sensitivity of the Gleeble dilatometric method used in this study compared to the standard metallographic techniques used in Refs. 21, 22) . It was observed that the precipitate had two different orientations. Thus, it can be inferred that the ¤ precipitates rotated to find another suitable habit plane variant parallel to the grain boundary. 23) Since the grains in a single-phase polycrystalline specimen generally have many different orientations, many different types of grain boundary are possible. 24) 3.2.2 Effect of compression strain on ¤ phase precipitation Cylindrical specimens with a diameter of 10 mm and a length of 15 mm were cold compressed to reductions of 0, 25, and 50%, respectively. The various samples were then heat treated at a temperature of 950°C for 5, 10, and 15 min, respectively, and then quenched immediately in water. The volume fraction of ¤ phase in each sample was then determined using an image analyzer at a magnification of ©1500. The results presented in Fig. 6 are the same as in other studies, 25, 26) showing that the volume fraction of the ¤ phase increases with both increasing strain (i.e., an increasing reduction ratio) and increasing aging time.
Cold forming creates dislocations. Moreover, the dislocation density increases as the reduction ratio increases.
27) The dislocations serve as nucleation sites for ¤ phase and accelerate the diffusion of the alloy elements. Thus, the apparent activation energy of ¤ phase precipitation decreases as the cold compression reduction ratio increases. However, the most important result is that as strain increased to 50%, it evidently accelerated the precipitation of ¤ phase, and this criterion was applied to the design of the grain refinement process. In other words, cold forming promotes ¤ phase precipitation, particularly as strain exceeds 50%, and is therefore an effective means of retarding grain growth, thereby achieving a more refined grain structure.
Effect of starting grain size on grain refinement
This section investigates the relationship between the starting grain size, the applied compression strain, and the recrystallized grain size. In performing the investigation, a small number of initial samples annealed at 968°C were resolution heat treated at temperatures of 1030 and 1060°C for 1 h and were then quenched in water to acquire the grain sizes of 18, 60 and 68 µm, respectively. The specimens were then machined into cylindrical samples with a diameter and length of 10 and 15 mm, respectively. The various specimens were then compressed at a strain rate of 15 mm/min to final reductions of 0, 24, 37, 50, and 66%, respectively. The compressed specimens were recrystallized via heat treatment at 950°C for 15 min and were then quenched immediately in water.
Figures 7(a)7(c) illustrate the grain size distribution and the fine grain recrystallization ratio in the initial specimen under various compression ratios and recrystallization treatment. Note that the range between the blue and red lines in each figure represents the grain size distribution at the corresponding reduction ratio. In other words, a narrower range indicates that the specimen has a more uniform grain structure. In every case, it can be seen that the grain size was refined, and the ratio of fine grains increased, as the reduction ratio increased. Under a reduction ratio of 50% [see Fine Grains Forming Process, Mechanism of Fine Grain Formation and Properties of Superalloy 718 Fig. 7(a) ], the initial sample, with 18 µm, obtained fine grains with a dimension of less than 5 µm and had the most uniform grain size distribution following compression, since the initial microstructure was more refined. For initial coarse grain sizes of 60 and 68 µm, fine grains with a dimension of less than 5 µm were obtained when a reduction ratio of 66% was applied [see Figs. 7(b) and 7(c)]. Especially, the ratio of fine grains within the microstructure was superior to the initial grain size of 18 µm. In general, the results presented in Fig. 7 show that for all three samples, the grain size in the compressed microstructure is significantly dependent on the initial grain size for cold compression ratios of less than 50%. In the samples prepared using the grain refinement method proposed in this study, re-solution heat treatment at a temperature higher than the ¤ solvus temperature prior to compression resulted in coarse grain. However, the finest grain size and the largest number of fine grains were obtained by the proposed method when applying a compression ratio of 66%.
The effect of pre-treatment on grain refinement
To compare the grain refinement effect of the proposed method with that of the conventional process method, the initial specimen (i.e., hot rolled and then solution heat treated at 968°C with a grain size of 18 µm) was aged at 910°C for 5 h in order to precipitate a large volume of ¤ phase prior to compression. Following the compression tests, the microstructure resulting from the conventional process and initial specimen were compared with those of the two specimens prepared using the proposed method, namely re-solution heat treatment at 1030 and 1060°C, respectively, prior to compression. In every case, the specimens were compressed to a reduction ratio of 66% and then heat treated at 950°C for 15 min to prompt recrystallization. Figs. 8(a) and 8(b) , the ¤ phases in the conventional process and initial samples had a rod-like morphology. The ¤ phase resulted in the formation of Nb-depleted zones in the compressed microstructure. Consequently, the precipitation of uniform fine ¤ phase is limited in the subsequent recrystallization process. As a result, the grain-boundary pinning effect of the ¤ phase is also reduced, and thus the microstructure around the residual ¤ phases has a coarse grain size.
In contrast, in the samples re-solution heat treated at 1030°C [ Fig. 8(c) ] and 1060°C [ Fig. 8(d)] , a large volume fraction of fine ¤ phase precipitated from the Nb oversaturated matrix during the recrystallization process. These precipitates suppressed the growth of the recrystallized grains, and thus the final microstructure was characterized by a fine and uniform grain size. Figure 9 (a) shows the ¤ phase density and grain size distribution in the four samples shown in Fig. 8 . Meanwhile, Fig. 9(b) shows the distribution of the ¤ phase length in the four samples. In general, the results show that the specimen re-solution heat treated at 1060°C had the greatest number of fine precipitates and the highest ¤ phase density of the four samples, and therefore had the finest grain structure. In addition, the specimens re-solution heat treated at 1030 and 1060°C, respectively, precipitated a greater number of finespherical ¤ phases than the conventional processed and initial specimens (i.e., hot rolled and then solution heat treated at 968°C), and therefore achieved a finer grain structure. Hence, the effect of grain refinement was affected by the size, density, and distribution of ¤ phase.
Since the proposed grain refinement method involves performing re-solution heat treatment at a temperature higher than the ¤ phase solvus temperature, the residual ¤ phase is dissolved into the matrix, and thus the amount of Nb available for fine ¤ phase formation is increased. Furthermore, a higher compression reduction ratio generates a greater number of dislocations, and therefore produces more nucleation sites for ¤ phase precipitation. Therefore, in the subsequent recrystallization treatment performed at 950°C (i.e., a temperature lower than the ¤ solvus temperature), a high volume fraction of fine ¤ phase precipitates, which pins the recrystallized grains and results in a fine grain structure. Besides, the sizes of the refine ¤ phase are mostly less than 0.5 µm and two times that of the aged conventional process; it is thus inferred that the effect of precipitation strength would result. In contrast, in the conventional process and initial condition, the presence of a large number of residual rodlike ¤ phase precipitates results in Nb-depleted regions in the compressed microstructure, and therefore limits the formation of fine ¤ phase in the recrystallization process. As a result, the grain structure is coarser and less uniform than that in the specimens processed using the proposed approach.
Mechanical test results
The compressed specimens, as stated in section 3.3, were heated at 950°C for 15 min, followed by standard aging heat treatment at 718°C for eight hours, cooling at a rate of 55°C per hour to 620°C, holding at 620°C for eight hours, and (a) (b) Fig. 9 Comparison of ¤ phase characteristics in conventional process specimen, initial specimen, and specimens processed using proposed method: (a) ¤ phase precipitation density and grain size; and (b) length distribution of ¤ phase.
Fine Grains Forming Process, Mechanism of Fine Grain Formation and Properties of Superalloy 718cooling in air. Because hardness could represent and be transferred to strength, the micro-hardness was tested to study the effect of the fine grains on strength. The micro-hardness test results are presented in Fig. 10 . As shown in Fig. 10 , in the initial condition, the original hardness of the material was higher than in the other conditions due to the finer grains. According to the results in section 3.3 of Fig. 7 , it was clear that the hardness was elevated by the refined the grain size as compression reduction increased. Therefore, as compressed reduction increased to 66%, the hardness values converged because the grain size was refined to a similar grade. As described above, the proposed grain refinement process results in the formation of a high volume fraction of ¤ phase in the recrystallized structure. The presence of this ¤ phase reduces the amount of Nb available for £BB phase formation, and may therefore reduce the strength of the recrystallized microstructure.
11) However, the results show that the micro-hardness increased as the compressed reduction increased.
In addition, tensile tests were performed to evaluate the mechanical properties of the recrystallized specimens under room temperature and elevated temperature conditions. The tests were performed using specimens produced by the proposed method (re-solution at 1030°C) with a fine grain structure obtained by compression deformation at room temperature followed by recrystallization to acquire a uniform grain structure. A fine recrystallized structure with a grain size of 23 µm was obtained by heat treating the specimens at 950°C for 15 min. Uniform grain structures of the tensile specimens at lower magnification are shown in Fig. 11 . The tensile test specimens were also precipitation hardening treated by standard aging treatment. Tensile tests were then carried out at temperatures of 25°C (at a load speed of 3 kg/s) and 650°C (at a strain rate of 5 © 10 ¹3 and 5 © 10 ¹4 s ¹1 respectively). Figure 12 presents the tensile test results obtained at temperatures of 25 and 650°C for the fine recrystallized grain test specimens and the initial test specimens (i.e., hot rolled and then solution heat treated at 968°C). The 25°C test results show that the ultimate tensile strength (UTS) of the recrystallized specimens was around 125 MPa (18 KSI) higher than that of the initial test specimens. In addition, the recrystallized specimens retained a similar degree of ductility as the initial specimens. From the high temperature tensile test results, the UTS of the recrystallized specimens was found to be around 28 MPa (4 KSI) and around 76 MPa (11 KSI) higher than that of the initial specimens at strain rates of 5 © 10 ¹3 and 5 © 10 ¹4 s ¹1 , respectively. Furthermore, the elongation was improved by more than 66% at the strain rate of 5 © 10 ¹4 s ¹1 . Kirman and Warrington reported that the application of external strain increases the dislocation density and number of stacking faults, 27) and therefore facilitates the nucleation of ¤ phase and £BB phase. 25) In the present study, the volume fraction of ¤ phase in the specimens compressed at room temperature and then recrystallized at 950°C for 15 min increased with increasing strain (as shown in Fig. 6 ), thereby causing a reduction in the amount of Nb available for £BB phase formation. Furthermore, during the recrystallization process, the dislocations and extrinsic stacking faults were annihilated; therefore, the strength could not be elevated by £BB phase. However, as stated above, the enhanced grain-boundary pinning effect produced by the large volume of fine ¤ phase precipitates results in a significant grain refining effect, which not only improves the ductility of the microstructure at higher temperatures but also compensates for the loss in strength caused by the absence of £BB phase in the recrystallized structure. Thus, even though a large volume fraction of refine ¤ phase is precipitated in the recrystallized matrix, the fine grain structure and the refined ¤ phase result in a significant enhancement in the mechanical strength and ductility.
Conclusions
The experimental findings support the following major conclusions:
(1) The volume fraction of ¤ phase precipitates increases significantly as the compression reduction ratio is increased to 50%, and is an important manufacturing parameter of the proposed method. (2) Even though the proposed method will cause the grain structure to transform to coarse grains, as the re-solution heated specimens reach a reduction ratio of 66%, the final grain structure is insensitive to the initial grain size and acquires the finest grain structure. (3) In the proposed method, the ¤ phase precipitation density and the number of precipitates with a length of less than 0.5 µm are around twice that of the specimens prepared using the conventional process. Therefore, the proposed method results in an improved grain-boundary pinning effect, and yields a more refined and uniformlydistributed grain structure, resulting in the fine grain size of 23 µm. (4) The ultimate tensile strengths of the fine grain samples tested at 25 and 650°C, respectively, are higher than that of the initial sample, despite the greater volume fraction of ¤ phase, and have premium ductility.
